Salicylic acid (SA) is an important phytohormone mediating both local and systemic defense responses in plants. Despite 
Introduction
As sessile organisms, plants have evolved intricate chemical defense systems to perceive and defend against a plethora of pathogen invasions. Decades of research have established the role of SA as a pivotal phytohormone that signals plant defense responses in both local and distal tissues (Amick Dempsey, 1999) . In addition to its function in defense signaling, SA also contributes to various aspects of plant growth and development, including photosynthesis, transpiration, ion uptake, thermogenesis, drought resistance and senescence (Raskin, 1992) . Previous studies suggest that SA is biosynthesized from chorismate via two major metabolic routes (Dempsey et al., 2011) . In Arabidopsis, a fraction of SA is produced from benzoic acid (BA) derived from general phenylpropanoid metabolism (León et al., 1995) , whereas previous characterization of the Arabidopsis sid2 mutant, defective in the ICS1 gene (AT1G74710), revealed that the bulk of de novo biosynthesized SA upon Pseudomonas syringae infection is derived from isochorismate (Wildermuth et al., 2001) . While SA-producing bacteria employ an IPL that directly converts isochorismate to SA, previous attempts to identify plant enzymes with bona fide IPL activity have not been successful (Zhou et al., 2018) , suggesting an alternative mechanism for SA biosynthesis from isochorismate in plants (Chen et al., 2009 ).
Like sid2, additional Arabidopsis mutants, namely pbs3 and eps1, exhibit impaired SA metabolism and susceptibility to bacterial pathogens (Nobuta et al., 2007; Jagadeeswaran et al., 2007; Lee et al., 2007; Zheng et al., 2009) . PBS3 (GH3.12, AT5G13320) encodes a member of the GH3 acyl-adenylate/thioester-forming enzyme family. Arabidopsis contains a total of 19 GH3 proteins with characterized members capable of catalyzing the conjugation L-amino acids to jasmonic acid, indole acetic acid and hydroxybenzoic acids, respectively (Westfall et al., 2012) . Although its in vivo function remains unknown, PBS3 was shown to contain in vitro acyl acid amido synthetase activity, i.e., conjugating L-glutamate to 4-substituted BAs (Okrent et al., 2009; Westfall et al., 2012) . Interestingly, SA appears to be a poor substrate of PBS3 and inhibits PBS3 activity in vitro (Okrent et al., 2009; Westfall et al., 2012) . On the other hand, EPS1 (AT5G67160) encodes a BAHD acyltransferase of unknown biochemical function. The eps1 mutant phenotypically resembles pbs3, where both mutants display enhanced susceptibility to P. syringae and impaired de novo SA biosynthesis upon P. syringae infection (Zheng et al., 2009 ).
Notably, EPS1 harbors an unusual active-site serine (Ser160) at the residue position corresponding to the highly conserved catalytic histidine in BAHD acyltransferases (Zheng et al., 2009; Levsh et al., 2016) , suggesting it may contain unconventional catalytic activity different from the canonical acyltransferase activity (Supplemental Figure 1A , B and C). Together, these prior investigations suggest potential roles of PBS3 and EPS1 in SA metabolism (Chen et al., 2009) .
In this study, we investigate the biochemical functions of PBS3 and EPS1 through untargeted metabolomics of various Arabidopsis SA-metabolism mutants (Zeilmaker et al., 2015; Zhang et al., 2017) . Analysis of differentially accumulated metabolites between these mutant lines identified putative intermediates and products of SA metabolism that suggest possible catalytic roles of PBS3 and EPS1. In vitro enzyme assays and de novo reconstitution of SA biosynthesis in Nicotiana benthamiana established that PBS3 and EPS1 constitute the missing steps connecting isochorismate to SA production in Arabidopsis.
Results

pbs3 and eps1 are suppressors of the Arabidopsis s3h/dmr6 double mutant
To resolve the SA biosynthetic pathway in plants, we first took a genetic approach. Two Arabidopsis 2-oxoglutarate/Fe (II)-dependent dioxygenases (AT4G10500 and AT5G24530)
were recently characterized as the SA 3-hydroxylase (S3H) and SA 5-hydroxylase (S5H), respectively (Zhang et al., 2013; Zhang et al., 2017) . The single null mutants of S3H and S5H in Arabidopsis, namely s3h and dmr6, exhibit various growth phenotypes and enhanced resistance to pathogens which are further exacerbated in the s3h/dmr6 double mutant (van Damme et al., 2008; Zhang et al., 2013; Zeilmaker et al., 2015; Zhang et al., 2017) (Figure 1 ). Whereas the s3h plants accumulate SA at a similar level to wild-type plants, dmr6 and particularly the s3h/dmr6 double mutant contain significantly higher levels of free SA, SA 2-O-β-D-glucoside (SAG) and SA glucose ester (SGE) (Zhang et al., 2013; Zhang et al., 2017) ( . In addition to the over-accumulation of SA and SA-glucose conjugates, the s3h/dmr6 double mutant displays a severe stunted-growth phenotype and significantly enhanced resistance against the virulent bacterial pathogen P. syringae pv. tomato DC3000 (PstDC3000) (Zhang et al., 2017) (Figure 1 ). Collectively, S3H and S5H function as major SA catabolic enzymes that contribute to the proper maintenance of SA homeostasis in higher plants (Zhang et al., 2017) . We therefore reasoned that s3h/dmr6 provides an ideal genetic background to study Arabidopsis genes necessary for SA biosynthesis and signaling.
To test this idea, we crossed s3h/dmr6 with the extensively studied SA biosynthetic mutant sid2 and SA signaling mutant npr1 (Cao et al., 1997) , and generated the corresponding s3h/dmr6/sid2 and s3h/dmr6/npr1 triple mutants, respectively. Both triple mutants display a complete rescue of the stunted-growth phenotype and a partial reversion of the pathogen resistance phenotype of the s3h/dmr6 double mutant (Figure 1 ). Consistent with the recovered growth, both the s3h/dmr6/sid2 and s3h/dmr6/npr1 plants also exhibit significantly reduced levels of free SA, SAG and SGE compared to those of the s3h/dmr6 plants ( Figure 2A , Supplemental Figure 2 ). These observations indicate that hyper-accumulation of SA in the s3h/dmr6 plants not only requires ICS activity, but also NPR1, one of the primary SA receptors in Arabidopsis (Wu et al., 2012; Ding et al., 2018) . Upon the initial activation of SA-mediated defense response, NPR1 likely activates a positive feedback loop that further amplifies SA production by upregulating SA biosynthetic genes. These results also suggest that loss-offunction mutations in other genes involved in SA biosynthesis may also alleviate the mutant phenotype of s3h/dmr6.
To probe the functions of PBS3 and EPS1 in the s3h/dmr6 genetic background, we crossed pbs3 and eps1 with s3h/dmr6, and generated the s3h/dmr6/pbs3 and s3h/dmr6/eps1 triple mutants, respectively. Like the s3h/dmr6/sid2 and s3h/dmr6/npr1 triple mutants, the s3h/dmr6/pbs3 and s3h/dmr6/eps1 triple mutants display a complete and nearly complete rescue of the stunted-growth phenotype, respectively ( Figure 1A ). The s3h/dmr6/pbs3 and s3h/dmr6/eps1 plants are also less resistant to PstDC3000 compared to the s3h/dmr6 plants ( Figure 1B, C) . The s3h/dmr6/pbs3 and s3h/dmr6/eps1 plants accumulate free SA, SAG and SGE at levels significantly less than those of the s3h/dmr6 plants ( 
Untargeted metabolomics revealed key intermediates and side products of SA biosynthesis in Arabidopsis
To define the precise biochemical functions of PBS3 and EPS1 in plant, we performed untargeted metabolomic profiling of three-week-old rosette leaves from wild-type Arabidopsis and the aforementioned single and multiple mutants using liquid-chromatography highresolution accurate-mass mass-spectrometry (LC-HRAM-MS) (Supplemental Data 1, 2).
Comparative analysis of the resultant metabolomic datasets between specific mutant backgrounds identified three new metabolite features (1-3) that accumulate in the s3h/dmr6 plants but are below the detection limit in the pbs3 and s3h/dmr6/pbs3 plants, relating them to PBS3 function (Figure 2, Supplemental Figure 3) . Analysis of the mass spectra in the context of plausible isochorismate-derived SA biosynthetic pathways led to tentative structural assignment of these metabolites. 1 and 2 were resolved as two regioisomers of isochorismoyl-glutamate with glutamate conjugated to either the 8-or 1-carboxyl of isochorismate, referred to as isochorismoyl-glutamate A and B, respectively (Supplemental Figure 4) . 3 was identified as Npyruvoyl-L-glutamate, a possible degradation product of 1 (Supplemental Figure 5A ). The identity of 3 was further confirmed by chemical synthesis (Supplemental Figure 5B , C, D). Since PBS3 reportedly contains in vitro acyl acid amido synthetase activity and prefers L-glutamate as its amino acid donor substrate (Okrent et al., 2009) , our new findings suggest 1 and 2 may be the in vivo enzymatic products of PBS3, which are depleted in the pbs3 mutant background.
Moreover, 1 is likely further catabolized in vivo to yield 3, and under such reaction scheme, the other co-product would be SA ( Figure 3A) . Intriguingly, the eps1 and s3h/dmr6/eps1 plants contain levels of 1 and 2 orders of magnitude higher than those of the wild-type and s3h/dmr6 plants respectively (Figure 2A, C, D, Supplemental Figure 3B, D) , suggesting that EPS1 may be involved in the catabolic pathway downstream of 1 and 2.
The in vitro enzymatic functions of PBS3 and EPS1
We next characterized the in vitro biochemical functions of PBS3 and EPS1 using purified recombinant proteins in enzyme assays. Since isochorismate is not commercially available, we devised a pre-assay to enzymatically synthesize isochorismate from chorismate using recombinant SID2. Starting with 5 mM chorismate, the reaction reaches equilibrium with approximately equal molar ratio of isochorismate and chorismate at the end of the pre-assay (Supplemental Figure 6A) . Consistent with the findings from the Arabidopsis metabolomics experiments, when PBS3 was added to the pre-assay containing approximately equal molar amounts of isochorismate and chorismate, it exhibits specific ATP-and Mg 2+ -dependent acyl acid amido synthetase activity (Supplemental Figure 6B ) towards isochorismate with Lglutamate as the preferred amino acid substrate (Supplemental Figure 6C , D), and yields 1 as the main enzymatic product together with 2 as a minor product ( Figure 3B and Supplemental Figure   7 ). In the absence of isochorismate, PBS3 also exhibits acyl acid amido synthetase activity towards chorismate and produces regio-isomeric chorismoyl-glutamate A and B (4 and 5 respectively, Figure 3C , D, Supplemental Figure 4 ), although these products were not detected in Arabidopsis metabolomics datasets. Therefore, PBS3 functions as a substrate-and regioselective isochorismoyl-glutamate synthase (IGS) both in vivo and in vitro.
A previous study of the crystal structure of PBS3 in complex with SA and adenosine monophosphate (AMP) revealed that SA binds to PBS3 in a catalytically nonproductive pose with its carboxyl group pointing away from the catalytic center (Westfall et al., 2012) (Supplemental Figure 8A ). We performed docking simulation of isochorismate and chorismate to the PBS3 structure (PDB: 4EQL) (Westfall et al., 2012) . The 1-carboxyl of isochorismate preferably adopts a similar orientation as the SA carboxyl, which in turn presents the isochorismate 8-carboxyl in a catalytically productive conformation towards the catalytic center, readying it for adenylation (Supplemental Figure 8B) . Although chorismate could be docked to PBS3 active site in a similar orientation as isochorismate, it appears to be a less favored substrate due to the differential placement of its 4-hydroxyl (Supplemental Figure 8C ). These ligand docking results reveal features of the PBS3 active site consistent with the experimentally observed substrate-and regio-selectivity of PBS3.
We noticed that 1 produced by PBS3 in enzyme assays is unstable and spontaneously decays to produce SA and 3 at a rate of 0.21 pkat ( Figure 3E , Supplemental Figure 9A , B), whereas 2 is stable under our assay conditions. Interestingly, addition of EPS1 to the PBS3 enzyme assay resulted in rapid turnover of 1 to SA and 3, with the catalyzed rate four orders of magnitude faster than the spontaneous decay rate of 1 under our assay condition ( Figure 3E , Supplemental Figure 5C , Supplemental Figure 9C , D). EPS1 also displays minor activity to turn over 2 ( Figure 3F ), but no measurable lyase or hydrolase activity against isochorismate, chorismate, 3, 4 and 5 was observed, suggesting its IPGL activity is selective towards 1.
Altogether, our in vitro enzyme assays further confirmed the chemical identities of 1-3, established the specific acyl acid amido synthetase activity of PBS3 in the production of the key SA biosynthetic intermediate 1, and revealed that EPS1 is an unprecedented IPGL that significantly enhances the rate of SA production from 1.
Reconstitution of de novo SA biosynthesis in N. benthamiana
Upon pathogen attack, Arabidopsis rapidly activates de novo SA biosynthesis in both local and systemic tissues, mostly through the isochorismate-derived pathway (Wildermuth et al., 2001 ).
To identify the core Arabidopsis gene set necessary and sufficient for this rapid de novo SA biosynthesis, we sought to reconstitute de novo SA biosynthesis in N. benthamiana using the 
Discussion
SA plays a central role in defense signaling of higher plants (Chen et al., 2009) . In this study, we elucidated the previously elusive isochorismate-derived SA biosynthetic pathway in Arabidopsis ( Figure 3A whereas VAS2 (GH3.17) and WES1 (GH3.5) are responsible for attenuating the hormonal activity of auxin indole-3-acetic acid (IAA) and SA by conjugating them to amino acids (Park et al., 2007; Zheng et al., 2016; Westfall et al., 2016) . Interestingly, PBS3 is involved in SA biosynthesis, meanwhile is also inhibited by SA, providing a feedback mechanism to regulate the metabolic flux into the isochorismate-branch of the SA biosynthetic pathway in plants (Okrent et al., 2009) . Previous studies also suggest a pathogen-induced SID2-dependent and PBS3-independent pathway for SA biosynthesis may exist in Arabidopsis (Nobuta et al., 2007) . It is likely that other members of the GH3 family may contain dedicated or promiscuous IGS activity that function in SA biosynthesis in addition to PBS3.
In contrast to PBS3, EPS1 belongs to a unique clade of BAHD acyltransferases only associated with the Brassicaceae family plants (Supplemental Figure 1C , Supplemental Data 5, Supplemental Data 6), indicating that EPS1 was recently recruited to the SA biosynthetic pathway in Brassicaceae. This evolutionary development could be driven by strong selection pressure to improve SA production kinetics amid pathogen attack in common ancestors of the extant Brassicaceae plants. EPS1 harbors an unusual active site reconfigured from an ancestral BAHD acyltransferase to catalyze the unprecedented IPGL chemistry (Supplemental Figure 1B) , and thus presents an attractive case for future studies of molecular evolution that gave rise to novel catalytic function based on ancestral enzyme fold (Weng and Noel, 2012 Our study fills the long-sought-after missing steps of the isochorismate-dependent SA biosynthetic pathway in Arabidopsis; however, several important aspects of SA metabolism and regulation remain to be addressed in plants. For instance, the enzymatic steps downstream of phenylalanine ammonia lyase (PAL) in the phenylpropanoid-derived SA biosynthetic branch remain unresolved ( Figure 3A ). Although a crippled isochorismate-derived SA biosynthetic branch led to significantly reduced SA accumulation in Arabidopsis, previous studies showed that suppression of PAL expression in tobacco (Pallas et al., 1996) and Arabidopsis (Huang et al., 2010) also causes major reduction in SA accumulation, suggesting that the regulatory mechanism and functional significance of the partition of these two major SA biosynthetic pathway branches under different physiological and pathogen-attack conditions in different plant
hosts are yet to be elucidated. A full understanding of SA metabolism in the plant kingdom will help device comprehensive strategies to engineer disease resistance in crops.
Methods
Plant materials and growth conditions
Arabidopsis thaliana and Nicotiana benthamiana plants were grown at 22 °C in a greenhouse under long-day condition (16-h light/8-h). The Arabidopsis T-DNA insertional null mutants s3h, dmr6-2, sid2-4, npr1-1, pbs3-2, and eps1-2 in Columbia background have been previously characterized to be null mutants (Cao et al., 1997; Zheng et al., 2009; Zhang et al., 2013; Zeilmaker et al., 2015) , and correspond to the Arabidopsis Biological Resource Center (ABRC)
lines under the accessions SALK_059907, GK_249H03, SALK_133146, CS3726, SALK_018225C, and SAIL_734_F07, respectively (Alonso, 2003; Kleinboelting et al., 2012) .
For simplicity, the mutants were mentioned throughout the paper without their specific allele names called out.
Pseudomonas syringae infection assay
P. syringae inoculations were performed according to previously described protocol (Katagiri et al., 2002) . Briefly, Pst DC3000 was streaked out from a -80 °C glycerol stock onto King's medium B (Protease Peptone #3 20 g/L, glycerol 10 mL/L, K2HPO4 1.5 g/L, MgSO4·7H2O 1.5 g/L, Bacto agar 15 g/L, ph 7.2) with 50 mg/mL rifampicin, and grown for 2 days at 30 °C. Fresh bacteria was transferred to a 3 mL liquid culture and grown overnight at 30 °C, a final 200 mL liquid culture was grown overnight until final OD600 = 0.8. The culture was pelleted, and diluted in sterile water to a final concentration of 1 × 10 6 colony-forming unit (cfu)/mL. 6-week-old
Arabidopsis leaves were infiltrated with the bacterial suspension on their abaxial side with a 1 mL needleless syringe. At 0, 1, 2, 3 dpi, Infected leaves were harvested and surface sterilized for 1 minute with 70% ethanol and then rinsed with distilled water. Two leaf disks for each genotype and each triplicate were cut with a 0.3 cm 2 cork borer. Leaf disks were placed in a 2.0 mL microfuge tube with 100 µL sterile distilled water, and thoroughly macerated using a plastic pestle. Ground tissue was diluted up to 1 mL with sterile water, and mixed by vortexing. Four serial dilutions were performed and blotted onto King's medium B in 10 µL triplicate drops.
After incubation at 30°C for two days, colonies were counted to derive cfu values.
Transient expression of genes in N. benthamiana
The open reading frame (ORF) of target genes to be expressed were cloned into pEAQ-HT 
Metabolomic profiling of plant extracts
For untargeted metabolomics analysis, 3-week-old Arabidopsis rosette leaves or N. benthamiana leaves 5 days post A. tumefaciens infiltration were harvested, suspended in 50% methanol (500 µL per 100 mg fresh weight) and disrupted using a TissueLyser (Qiagen) and zirconia beads.
Tissue debris were removed by centrifugation. 2 µL injections of the clarified extracts were separated using a 150 x 2.1 mm ZIC-pHILIC column ( 
Chemical synthesis
General methods. All reactions were performed under nitrogen unless otherwise noted. All reagents and solvents were used as supplied without further purification unless otherwise noted.
Column chromatography was conducted using Silicycle SiliaFlash P60 SiO2 (40-63 µm). 
Recombinant protein production and purification
E. coli cultures transformed with coding sequence containing pHis-8-4 expression vectors were grown at 37 °C in TB media to an optical density of 1.5, induced with 1 mM isopropyl-β-Dthiogalactoside (IPTG), and allowed to grow for an additional 16 h at 18 °C. E. coli cells were harvested by centrifugation, washed with phosphate buffered saline, resuspended in 100 mL of lysis buffer [(50 mM phosphate buffer pH 6.2, 0.5 M NaCl, 20 mM imidazole, and 2 mM dithiothreitol (DTT)], and lysed with five passes through a M-110L microfluidizer (Microfluidics). The resulting crude protein lysate was clarified by centrifugation prior to Qiagen Ni-NTA gravity flow chromatographic purification. After loading the clarified lysate, the protein bound Ni-NTA resin was washed with 10 column volumes of lysis buffer and eluted with 1 column volume of elution buffer (50 mM phosphate buffer pH 6.2, 0.5 M NaCl, 200 mM imidazole, and 2 mM DTT). Purified recombinant enzymes were concentrated and washed multiple times with storage buffer (25 mM phosphate buffer pH 6.2, 50 mM NaCl, and 2 mM DTT) using an amicon ultra-15 centrifugal filter unit with ultracel-30 membrane (EMD Millipore) to achieve a final protein concentration of 10 mg/mL.
Enzyme assays
Initial isochorismate synthase activity titration assays were performed in 100 µL reactions composed of 25 mM Tris and 5 mM chorismate. Reactions were started with the addition of 0.5 µg recombinant SID2, incubated at 25 °C for various time points, and quenched with the addition of 100 µL MeOH. To establish PBS3 activity in vitro, isochorismate was first generated enzymatically by adding 2 µg of SID2 to a 100 µL reaction containing 50 mM Tris, 1 mM Lglutamate, 5mM chorismate, 5 mM ATP, 5 mM MgCl2 and incubating for 5 minutes at 25 degrees. After incubation, 0.8 µg of PBS3 was added to each reaction mixture, incubated at 25 °C for various time points and then quenched with 100 µL MeOH. The ATP-and Mg
2+
dependence of PBS3 was tested with identical reactions excluding ATP and MgCl2, respectively. following the same procedure as described above.
Sequence alignment, phylogenetic analysis and homology modeling
Sequence alignment shown in Supplemental Figure 1A was generated using T-coffee (Di   Tommaso et 
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. . . E G F S L S K . I K N . . V T N Y M I G . I E
N Clarkia_breweri_BEAT G N K S L A E S M R R L I T V L L A I E V V V R I E M D C P K . L . . . T K S R P L M . . V H M N L K . .
T K . L . . A E N D V S F F I V V N A E S . K A P K I T D . T E . . . . . . . . . S G S C G E I S E V A K V . . D D A V S S M L N S E
Gentiana_triflora_AHCT G N M K A R L P F V A T E L V G L A V I A V A W L T C V S K D D V V S E E S S N D E N E L E Y F . . S F T D C G . . L T . . . P C P P N Y C L A S C . . A . K H K . . . G D K . . . . . . . . . L V A A G E . I E K R L H N E K G L A D K T S E Dianthus_caryophyllus_HCBT G N R S V K G L S M V R R I P L V V A T V G D L A P L A V A
. . . T D T G K Q E . L K G . . L D D Y R S A D H T E S K
Catharanthus_roseus_DAT G N R A G S N L L P L L I D L L I L M F V K C T . V A K A A . . . .
. . . . K N N C G Q S P F P V L Q A I N R . I L E P Q N S V V S I Y . . F S R T K E N . . . Y . N E K E Y T K L V I N E R K E K Q K K N . S R E . . K L . . T Y V A Q E E
S Arabidopsis_thaliana_EPS1 G N R S M K G M S E T L I R R L P L F V I V T V G E L L G L A A I M E A A W V K V H S R . . . . . . . . E E H C . . R P N M Q . . N . . . P E E E C S Q T G . . A . T . . . . D H . . . . . . . . . G W M Q N N . E L S . . Q T D K K A F E N N Arabidopsis_lyrata_XP_002865023.1 G N R S M K G M S E T L I R R L P L F V I V T V G E L L G L A A I M E A A W V K I H S Q . . . . . . . . E E H C . . R P N M Q . . N . . . P E E V C S Q T G . . A . T . . . . E H . . . . . . . . . G W M Q K N . E L S . . Q T D K K E F E N N Arabidopsis_lyrata_XP_002865022.1 G N R S K M S E T V I R R L P L F V I V N V G E L L G L L A I M E A A W V K R V N S D R . . . . . . . . E E H C . . R P D M E . . N . . . K K E E C I Q T G . . A . I . . . . D H . . . . . . . . . G W M Q N K . V R S . . Q T D N K T F E N N Crubella_rubella_Carubv10026415m.g G N S M G M S E T L I R R L P L F V I V T V G E L L G L A A I M E A A W V K C V E H S R . . . . . . . . E E H Y . . R P N M Q . . N . . . P G E E C S Q T G . . A . T . . . . D Q . . . . . . . . . G W T Q N K . E L S . . Q T D K K E S E N N Thellungiella_halophila_Thhalv10004231m.g G N R S M K G M S E T L R R L P L F V I V T V G E L L G L A A I M E A A W V K V H S
G W V Q N K . E R S . . Q T D N K A F E D
N Brassica_rapa_Bra012138 G N S M K G M S E T L I R R V P L F V I V T V G E L M G L A A I M E A A W V R C V
G W G K N D . E R S . . Q T H N E A S E K
D Brassica_rapa_Bra037126 G N R S K G M S E T V I R R L P L F L V V V G E M L G L L A I V E V W V K R V
. D . . S L V R G A . H T Y K C P N . G . W V L P D A F M G P G G I P E G L S F P . S P T . . N G S S V A A Q S E H
K L F E K F . . L F I . . . . . Arabidopsis_thaliana_SHT D F G W G P L V S M Y K G L I D V L M F E . Q K D L K K F Q D L H A L G S T E . G . F . . . .
. . . . Y G N P N . G . V W L T L P G L E F Y T G P . G T H D F D D S L P D Q N . . E G S I L A T C Q V A H E
Q C R P E L D K L L L D I D K V S I . V Brassica_rapa_Bra012138 D F G W G I P V L V T S R F V Y K P V Y G M V V E L A L V F E
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